We investigate the electronic structures and optical properties of the wurtzite, zinc blende, and rocksalt AlN phases at their structural phase transition pressures by the ultrasoft pseudopotential density functional method. We employ the Perdew-Burke-Eruzerhof form of the generalized gradient approximation available in the CASTEP code with the plane-wave basis sets to expand the periodic electron density. The dielectric function and optical properties such as reflectivity, absorption coefficient, refractive index, and electron energy-loss function are presented in a wide energy range between 0 and 50 eV. Our results reveal that for rocksalt AlN phase, the intensity of N 2p orbitals in the conduction bands obviously decreases when the pressure increases from 15 to 17 GPa. The calculated optical properties indicate that the zinc blende and wurtzite AlN phases have some similar features but the rocksalt AlN phase has other characteristics.
I. INTRODUCTION
Recently, the wide-band-gap semiconductor material AlN has attracted increasing interest because of its low compressibility, good thermal stability, chemical and radiation inertness, and applications such as short-wavelength lightemitting diodes, optical detectors, high-pressure, hightemperature, and high-frequency optoelectronic devices. 1, 2 Under ambient temperature and pressure, AlN crystallizes in the hexagonal wurtzite structure belonging to the P6 3 mc space group. There has been recent interest in the study of the high-pressure phases of AlN both experimentally and theoretically, since Ueno et al. 3 found that the wurtzite AlN phase could transform into the rocksalt structure with the space group F43m at a pressure of 22.0 GPa and the rocksalt phase persisted down to atmospheric pressure. Moreover, some other experimental measurements and theoretical calculations show that AlN transforms from the wurtzite phase to the rocksalt phase with the space group F43m under high pressure such as 12.5 and 16.6 GPa by Christensen and Gorczyca 4,5 and 14 GPa by Xia et al. 6 The zinc blende structure of AlN with the space group F43m is stable only when it is very thin ͑1.5-2.0 nm͒ and it transforms into the wurtzite structure at larger thickness. 7 It has also been found that the zinc blende structure is a metastable phase with the enthalpy very close to that of the wurtzite phase. 8 Up until now, most of the work has focused on the phase transition, electronic properties, as well as phonon properties. [1] [2] [3] [4] [5] [6] [7] [8] Though some experimental and theoretical results of optical property of wurtzite AlN have been reported 5, [9] [10] [11] [12] [13] and, more recently, Laskowski and Christensen 14, 15 studied the effects of including electron-hole correlations and the imaginary part of dielectric function of the wurtzite and high-pressure rocksalt phases, more studies on optical properties of the rocksalt phase of AlN and metastable phase of AlN ͑zinc blende phase͒ are still required. Moreover, it is also important to fundamental physics and potential applications to study optical properties of rocksalt and zinc blende AlN phases.
In this work, we calculate the ground state energies of all three AlN phases from 0 to 20 GPa in order to get critical pressures near the phase transition. It is found that the ground state energy of the zinc blende phase is 22.4 meV/atom higher than that of the wurtzite phase under the pressure ranging from 0 to 20 GPa, which demonstrates that the zinc blende AlN phase is a metastable phase. Moreover, the wurtzite and zinc blende phases transform into the rocksalt phase at 17 and 15 GPa, respectively, which are taken as phase transition pressures in the following calculations. The structural data, charge transfer, and bond populations for ionicity are presented. The electronic structures are then calculated from the perspective of the optical properties and are found to depend on both the interband and intraband transitions determined by the energy bands. Lastly, the optical properties such as the dielectric function, reflectivity, absorption, refractive index, and electron energy-loss function are discussed.
II. CALCULATION DETAILS
The plane-wave basis density functional theory pseudopotential method 16 and Cambridge Sequential Total Energy Package ͑CASTEP͒ code 17 are employed in our total-energy calculation. Because the generalized gradient approximation a͒ Author to whom any correspondence should be addressed. Electronic mail: hkxlwu@nju.edu.cn.
͑GGA͒ is more efficient than the local-density approximation ͑LDA͒ to predict the phase transition, 18 the Perdew-BurkeErnzerhof GGA method is employed to describe the exchange and correlation potentials. The ionic potentials are described by the Vanderbilt-type ultrasoft pseudopotential. 19 The Monkhorst and Pack scheme of k-point sampling is used for integration over the first Brillouin zone. 20 The KohnSham energy function is directly minimized via the conjugate-gradient method. 21 The change in the total energy is less than 1 meV/atom when the cutoff energy is chosen to be 1400 eV and the k-point set mesh parameters are 9 ϫ 9 ϫ 6 for the wurtzite phase, 11ϫ 11ϫ 11 for the rocksalt phase, and 10ϫ 10ϫ 10 for the zinc blende phase.
III. RESULTS AND DISCUSSIONS

A. Structural properties and population analyses
As the degree of ionicity is a significant factor in the determination of the structural phase transition, the charge and chemical bonding of the wurtzite, zinc blende, and NaCl-like rocksalt AlN phases are analyzed using the Mulliken population analysis. Table I shows the calculated charge transfer, bond lengths, and bond population of the wurtzite, zinc blende, and rocksalt AlN phases under different pressures near the structural transition. The calculated values of the lattice constants of all three AlN phases at 0 GPa are very close to the experimental results and other theoretical calculations. [3] [4] [5] [6] [7] [8] When the wurtzite AlN phase is compressed at pressures from 0 to 17 GPa, the charge transfer from Al to N increases from 0.37 to 0.41 electron, while the bond length decreases by about 0.005 nm. However, the bond population of bond b1 increases by about 0.02 whereas the population of bond b2 decreases by about 0.02 when the pressure changes from 0 to 17 GPa. With regard to the zinc blende AlN phase, the bond length is reduced from 0.186 to 0.182 nm when the pressure increases from 0 to 15 GPa and the charge transfer increases from 0.33 to 0.37 but the bond population is almost the same. When the pressure increases from 0 to 17 GPa, the bond length decreases from 1.99 to 1.95 and the charge transfer increases from 0.25 to 0.27 electron. The charge transfer from Al to N increases with decreasing bond length because of more electron cloud overlap.
B. Electronic properties
From the band structure of the wurtzite AlN phase in Fig. 1͑a͒ , we can see that at the highly symmetric ⌫ point, the direct band gap is ϳ5.0 eV which is smaller than 6.28 eV from the experimental result of the band gap of the wurtzite AlN phase. 22 The underestimation of the band gap is a well known limitation of GGA calculation. However, our result has been better than 4.245 eV from the previous result calculated by Stampfl and van de Walle 2 using the pseudopotential plane-wave ͑PPPW͒ method incorporating the GGA. The conduction bands ͑CBs͒ consist of nine levels and degenerate to four levels at point A, at which the three lower levels are doublets and the level at 17 eV is a triplet. The valence bands ͑VBs͒ consist of six levels that become three doublet levels at point A. As shown in Fig. 1͑b͒ , the band structure of the zinc blende AlN at 15 GPa indicates that the direct band gap is ϳ5.5 eV at the ⌫ point and the indirect band gap is ϳ4.0 eV. The direct band gap at the ⌫ point calculated here is larger than the value of 4.75 eV reported by Stampfl and van de Walle using the PPPW method. 2 As shown in Fig. 1͑b͒ , the maxima of the VBs are flat indicating large hole effective masses, which should result in some special transport properties for p-type semiconductors. As shown by the band structure of the rocksalt AlN phase at 17 GPa in Fig. 1͑c͒ , the direct band gap at the ⌫ point is ϳ7.0 eV and the indirect band gap is ϳ5.0 eV. However, there are no experimental data available so far to verify the calculated band gap values of the zinc blende and rocksalt AlN phases.
The density of states ͑DOS͒ of the wurtzite, zinc blende, and rocksalt structures at the phase transition pressure are plotted in Fig. 2 . The N 2s states in the VBs of all three AlN phases are dominant below −10 eV and the N 2p states are the most dominant in the range between −10 and 0 eV. In the CBs, the Al 3s and 3p states are dominant in the wurtzite and zinc blende AlN phases. When the wurtzite AlN phase is compressed from 0 to 17 GPa, the peak of DOS exhibits a small tendency to shift to a lower energy. For instance, for the N 2s orbital, the peak shifts from −12.53 to − 12.51 eV and for the N 2p orbitals, the peaks shift from −4.91 and −0.84 eV to −4.89 and −0.88 eV, respectively. However, when the rocksalt AlN phase is compressed from 15 to 17 GPa, the changes in the DOS peak in the VBs are a bit more complicated. For example, the peaks of the N 2s and N 2p orbitals shift from −13.62 and −7.04 eV to −13.69 and −7.07 eV, respectively, whereas the peak of the N 2p orbital at −1.70 eV does not change. Moreover, the intensity of N 2p orbitals in the CBs of the rocksalt AlN phase obviously decreases when the pressure increases from 15 to 17 GPa.
C. Optical properties
Though the electronic structure calculations do not consider electron-phonon interactions, the optical phonons play a significant role in the low-frequency dielectric function in polar materials. The interaction between a photon and electrons can be described in terms of time-dependent perturbations of the ground state electronic states. Transitions between the occupied and unoccupied states are caused by the electric field of the photon. The spectra resulting from these excitations can be described as a joint DOS between the valence and CBs. The imaginary part 2 ͑͒ of the dielectric function can be calculated and then the real part 1 ͑͒ can be evaluated from the imaginary part by the Kramers-Kronig relationship. Using the complex dielectric function, the reflectivity R͑͒, absorption coefficient ␣͑͒, real part of refractive index n͑͒, imaginary part of refractive index k͑͒, and energy-loss spectrum L͑͒ can be calculated.
23,24 Figure 3 shows the imaginary part of the complex di- electric function directly obtained from the electronic structure calculations. It is well known that the imaginary part is the pandect of the optical properties for any materials. There are three main peaks at 7.7, 10.4, and 12.4 eV in the 2 ͑͒ plot of the wurtzite AlN phase at 0 GPa. Our calculation results show good agreement with the experimental electric vector results perpendicular to the c axis ͑three peaks at 7.6, 8.9, and 13.0 eV͒ reported by Guo et al. 8 When the pressure increases to 17 GPa, the three peaks of the wurtzite AlN phase shift from 7.7, 10.4, and 12.4 eV to 8.0, 10.8, and 13.1 eV. There are two main peaks in the 2 ͑͒ spectrum of the rocksalt AlN phase. The shape of the plot hardly changes but there is a small blueshift when the pressure increases from 15 to 17 GPa. The transition between the N 2p and Al 3s orbitals may lead to the peak at around 9.9 eV. The peak at 13.5 eV mainly originates from the electron transition between the N 2p and Al 3p orbitals. The plot of the zinc blende AlN phase at 15 GPa shows two main peaks at around 8.0 and 12.6 eV from the electronic transitions from the N 2p to Al 3s orbitals and from the N 2p to Al 3p orbitals, respectively. Figure 4 shows the real part of dielectric function 1 ͑͒, reflectivity R͑͒, absorption coefficient ␣͑͒, real and imaginary parts of the refractive index n͑͒, k͑͒, and the electron energy-loss function L͑͒ spectra of the wurtzite phase at 0 GPa, zinc blende phase at 15 GPa, and rocksalt phase at 17 GPa. The 1 ͑͒ of wurtzite AlN phase at 0 GPa has two main peaks at around 7.0 and 9.0 eV, which is similar to the experimental results 7.5 and 8.5 eV measured from AlN film at 120 K. 9 From the 1 ͑͒ of zinc blende AlN phase at 15 GPa, we find two main peaks at around 7.0 and 12.0 eV. For the rocksalt phase of AlN, the 1 ͑͒, which is quite different from those of the wurtzite and zinc blende phase AlN, has two maxima at around 8.0 and 13.0 eV and one minimum at 11.0 eV. This indicates that the rocksalt AlN phase may have different optical properties compared to the wurtzite and zinc blende AlN phases.
The reflectivity spectrum of the wurtzite AlN phase at 0 GPa shows some peaks at around 7.6, 10.8, 13.8, and 16.5 eV which are in accord with the peaks at 7.9, 9.0, 13.0, and 14.8 eV interpreted as the interband transitions from the valence to CBs. 8 There are three extra peaks in the reflectivity spectrum of the wurtzite AlN at around 18.8, 20.6, and 23.1 eV which are derived from interband transitions. There are a series of peaks at around 8.5, 12.1, 14.3, 16.6, 20 .0, and 27.4 eV in the reflectivity spectrum of the zinc blende AlN phase at 15 GPa. The reflectivity of the rocksalt AlN phase at 17 GPa shows peaks at 10.6, 14.9, 19.9, 22.1, and 32.4 eV.
The wurtzite AlN phase has an absorption band from 5 to 28 eV, which contains two main peaks at around 8.0 and 13.5 eV at 0 GPa. In the high-energy region ͑above 28 eV͒, the crystal is transparent because it progressively becomes more difficult for the electrons to respond. The absorption spectrum of the zinc blende AlN phase at 15 GPa has an absorption band between 5 and 50 eV with two main peaks at around 8.8 and 14.2 eV. The shapes of the two absorption spectra are similar but that of the rocksalt phase at 17 GPa is different. The absorption spectrum of the rocksalt structure contains two main peaks at around 10.5 and 14.5 eV and the intensities are stronger than those of the two peaks at around 8.8 and 14.2 eV of the zinc blende AlN phase.
The electron energy-loss function L͑͒ is an important optical parameter describing the energy loss of a fast electron traversing in a certain material. The peaks in the L͑͒ spectra represent the characteristics associated with the plasma resonance and the corresponding frequency is the so-called plasma frequency above which the material is a dielectric ͓ 1 ͑͒ Ͼ 0͔ and below which the material behaves like a metallic compound in some sense ͓ 1 ͑͒ Ͻ 0͔. In addition, the peaks of the L͑͒ spectra overlap the trailing edges in the reflection spectra. The peak of L͑͒ of the wurtzite phase is at 23.6 eV, which corresponds to the reduction of R͑͒. There are three broad peaks at 23.0, 27.3, and 30.5 eV for the zinc blende AlN phase. With regard to the rocksalt AlN phase, there are two broad peaks at 26.0 and 32.2 eV corresponding to the slow descent of reflectivity shown in Fig. 4 .
IV. CONCLUSIONS
We have investigated the electronic structures and optical properties of the wurtzite, zinc blende, and rocksalt AlN phases at their structural phase transition pressures by the ultrasoft pseudopotential density functional method. The dielectric function and optical properties such as reflectivity, absorption coefficient, refractive index, and electron energyloss function are presented in a wide energy range between 0 and 50 eV. Our results reveal that for rocksalt AlN phase, the intensity of N 2p orbitals in the CBs obviously decreases when the pressure increases from 15 to 17 GPa. The calculated optical properties such as 1 ͑͒, ␣͑͒, and L͑͒ indi- FIG. 4 . ͑Color online͒ Real parts of the dielectric function 1 ͑͒, reflectivity R͑͒, absorption coefficient ␣͑͒, real part of the refractive index n͑͒, imaginary part of the refractive index k͑͒, and electron energy-loss functions L͑͒ of the wurtzite phase at 0 GPa, zinc blende phase at 15 GPa, and rocksalt phase at 17 GPa. cate that the zinc blende and wurtzite AlN phases have some similar features but the rocksalt AlN phase has other trait. 
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